To assess the binding of individual amino acids to the principal calcium minerals found in human kidney stones, the adsorption of 20 amino acids on to calcium oxalate monohydrate, CaHPO 4 ;2H 2 O, Ca 3 (PO 4 ) 2 and Ca 5 (PO 4 ) 3 OH crystals was determined over the physiological urinary pH range (pH 5-8) in aqueous solutions. All amino acids adsorbed most strongly at pH 5, and this decreased in all cases as the pH was increased. The amino acids which adsorbed most strongly were aspartic acid, glutamic acid and γ-carboxyglutamic acid, with the last displaying the strongest affinity. All amino acids bound more avidly to calcium oxalate monohydrate than to any of the phosphate minerals. Adsorption on to CaHPO 4 ;2H 2 O was generally higher than for Ca 3 (PO 4 ) 2 and Ca 5 (PO 4 ) 3 OH, for which all amino acids, with the exception of γ-carboxyglutamic acid, had only a weak affinity. The binding affinity of these acids is thought to be due to their zwitterions being able to adopt conformations in which two carboxyl groups, and possibly the amino group, can interact with the mineral surface without further rotation. The strong binding affinity of di-and tri-carboxylic acids for calcium stone minerals indicates that proteins rich in these amino acids are more likely to play a functional role in stone pathogenesis than those possessing only a few such residues. These findings, as well as the preferential adsorption of the amino acids for calcium oxalate monohydrate rather than calcium phosphate minerals, have ramifications for research aimed at discovering the true role of proteins in stone formation and for potential application in the design of synthetic peptides for use in stone therapy.
INTRODUCTION
Urinary amino acids are recognized as one of the agents which may influence the formation of renal calculi by virtue of their effects on calcium oxalate (CaOx) crystallization [1, 2] . In particular, glutamic acid and aspartic acid have been shown to inhibit significantly the nucleation and growth rates of CaOx crystals precipitated in their presence [3, 4] . This inhibitory effect has been generally viewed as resulting from competition between Key words : adsorption, amino acids, calcium oxalate, calcium phosphate, crystal morphology, urolithiasis. Correspondence : Dr W. van Bronswijk (e-mail w.vanbronswijk!info.curtin.edu.au).
these acidic amino acids and oxalate for calcium ions in solution, and\or their preferential adsorption on to CaOx crystal surfaces. In addition to any effect that free amino acids may have on the crystallization of insoluble calcium salts in urine, they may also influence this process as components of urinary proteins. Acidic amino acids, such as aspartic acid and glutamic acid, are present as end groups, or as part of calcium-binding domains in certain urinary proteins, which have been shown to have a marked effect on CaOx crystal formation, growth or aggregation. Among these proteins are urinary prothrombin fragment 1 (UPTF1) [5, 6] and osteopontin [7, 8] , both of which are present in the organic matrix of CaOx stones [9] . The most likely parts of these proteins to be involved in their binding to calcium mineral surfaces are the free carboxyl groups of terminal amino acids [10] .
However, the effects of individual amino acids on CaOx crystallization are difficult to study in a complex medium, such as urine, where their properties may be altered, their actions frustrated by other components in solution, or when they comprise part of the primary structure of proteins. In fact, determining whether specific amino acid residues within a protein are essential for function would require production of mutant molecules using site-directed mutagenesis. This would be an immense and unprofitable undertaking when little is currently known about the mechanisms by which urinary proteins influence CaOx crystallization in inorganic media, and when even less is understood about their true role in stone pathogenesis. An alternative approach to assessing the possible role of specific amino acids in the inhibition of CaOx crystallization is to determine their relative binding affinities for calcium stone minerals under controlled conditions free of contamination and possible interference by other agents. To date, no published study has systematically examined the binding affinity of individual amino acids for the crystal surfaces of minerals comprising human kidney stones. The broad aim of this paper was, therefore, to assess the binding of individual amino acids to the principal calcium minerals found in human kidney stones over the physiological urinary pH range. Although pure calcium phosphate stones are exceedingly rare, the salts are commonly associated with stones composed principally of CaOx [11, 12] 
MATERIALS AND METHODS

Chemicals
The amino acids studied were the L-forms of aspartic acid, threonine, serine, glutamic acid, proline, glycine, alanine, cysteine, valine, methionine, isoleucine, leucine, norleucine, tyrosine, phenylalanine, lysine, histidine, arginine and γ-carboxyglutamic acid. All were purchased from BDH (Kilsyth, Victoria, Australia), except for γ-carboxyglutamic acid, which was supplied by Sigma. CaOx monohydrate (average size 3 µm) was purchased from Ajax Chemicals (Auburn, New South Wales, Australia), CaCl 
Adsorption experiments
The adsorption of amino acids was monitored over an 18 h period (e.g. glutamic acid on CaOx monohydrate and the CaP minerals) and little or no increase in adsorption density was observed after 6 h contact. To ensure that equilibrium had been reached, and for convenience, a contact time of 15 h was employed for all studies.
A saturated aqueous solution of calcium oxalate at pH 5 was prepared by stirring 2 g of CaOx monohydrate in 50 ml of distilled water at 37 mC for 1 day, adjusting the pH to 5, then leaving it to stand for a further 2 days to equilibrate. The residual crystals were separated by vacuum filtration through a 0.5 µm polyvinyl chloride membrane filter and discarded. A 10 ml aliquot of the filtrate was added to a glass vessel containing crystals of CaOx monohydrate (500 mg), and a single amino acid at a final concentration of 4 mg\l (0.02-0.04 mM), which is in the range reported for amino acids in urine [1] . The pH was checked and adjusted to the original value, and the crystal suspension incubated for 15 h at 37 mC with gentle stirring. After filtration (Acrodisc ; 0.45 µm), 10 ml of each solution was mixed with 0.4 ml of 1 M HCl, and the amino acid concentration determined by HPLC (Waters Model 510) using post-column derivatization with ninhydrin. This procedure was repeated for the other amino acids and CaOx monohydrate at other pH values encompassing those occurring in healthy human urine (pH [5] [6] [7] [8] . The pH values of the aqueous solutions were adjusted with either 0.1 M HCl or 0.1 M NaOH. The difference between the concentration of amino acids before and after contact with the CaOx monohydrate was used as a measure of adsorption on the substrate. Measurements for each amino acid were performed in triplicate. To exclude the possibility of removal of amino acids by bacterial contamination, parallel experiments were carried out from which the calcium mineral salts were omitted. In every case, the concentration of amino acids at the end of the incubation period was identical to that at the beginning. Furthermore, bacteria were never evident in field emission scanning electron micrographs of crystals incubated with amino acids.
It was not possible to determine the amounts of adsorbed amino acids directly, as some desorption would occur during washing of the crystals. However, qualitative evidence for their adsorption was found by treating washed crystals with 0.1 M NaOH and amino acids were detected in the alkaline solutions.
The amino acid adsorption procedure described for CaOx monohydrate was also carried out for three CaP minerals, with the amount of substrate used in the adsorption experiments being based on masses that gave equal surface areas for the four minerals. The average Amino acid adsorption on to calcium minerals 
# O used were 0.500 g, 0.017 g, 0.054 g and 0.619 g respectively.
In order to determine whether the presence of free calcium ions in solution affected the ability of the amino acids to bind to CaOx monohydrate and CaP, the amino acids were dissolved in solutions of CaCl # (1000 mg\l) at a final concentration of 4 mg\l then added to each of the substrates as described in the adsorption experiments.
Molecular dimensions and surface coverage
The van der Waals dimensions of aspartic acid, glutamic acid and γ-carboxyglutamic acid in their zwitterion forms were calculated using PC Spartan Plus (Wavefunction Inc., Irvine, CA, U.S.A.) molecular modelling software.
The maximum area projections of aspartic acid, glutamic acids and γ-carboxyglutamic acid were calculated to be 5.0i10 −"* m#, 6.0i10 −"* m# and 6.5i10 −"* m# respectively.
The molecular area projections were used along with measured adsorption densities and substrate surface areas to calculate the fraction of the surface area covered by the adsorbed molecules.
Calculation of adsorption and acid dissociation equilibrium constants
The equilibrium between a molecule or ion in solution and adsorbed on to a surface is described by :
However, as amino acids in solution are an equilibrium mixture of differently ionized species, equilibrium constants based on total solution concentrations are pseudo constants (Kh). They would be expected to vary with pH, since either a dissociated or undissociated species could adsorb preferentially. Hence adsorption and dissociation were treated simultaneously, i.e. :
This enables both K ads (the true adsorption equilibrium constant) and K a (the amino acid dissociation constant) to be determined from the variation of Kh with pH.
It should be noted that the surface charge of the substrate may also change as a function of pH, and hence the K a values obtained may be a reflection of amino acid or surface protonation, or both.
RESULTS
Amino acid adsorption on to calcium minerals
The presence of free calcium ions in solution did not affect the ability of the amino acids to bind to the calcium minerals, since preincubation with CaCl # had no measur- Adsorption of the amino acids on to the minerals over the pH range 5-8 showed the degree of adsorption to be greatest at pH 5 and decreasing to pH 8, with the trend of adsorption of each amino acid being similar over the pH range. Results (expressed as µmol\m#) obtained at pH 6 are given in Table 1 , since that value is representative of the pH of normal human urine. The amino acids which adsorbed most strongly were aspartic acid, glutamic acid and γ-carboxyglutamic acid, with the last displaying a noticeably stronger affinity for all the minerals than the remaining amino acids. Adsorption on to CaHPO % ;2H # O was generally higher than for Ca
OH, for which all amino acids, with the exception of γ-carboxyglutamic acid, had only a weak affinity. All amino acids demonstrated a stronger binding affinity for CaOx monohydrate than for any of the CaP minerals. Table 2 shows the adsorption of the amino acids on to CaOx monohydrate, expressed as µmol\m#, at pH 5, 6, 7 and 8. As noted above, all amino acids adsorbed most strongly at pH 5, and this decreased in all cases as the pH was increased. None of the amino acids, other than γ-carboxyglutamic acid, showed significant adsorption at pH 8. γ-Carboxyglutamic acid, which has two γ-carboxyl groups, adsorbed most strongly and showed little decrease in adsorption above pH 6. Aspartic acid and glutamic acid, which have one β-or γ-carboxyl group, were slightly less adsorbed than γ-carboxyglutamic acid, and showed a similar decrease in adsorption between pH 5 and pH 6, but their adsorption continued to lessen significantly as the pH decreased from pH 6 to pH 8. The remaining amino acids, which have only α-carboxyl groups, were less adsorbed, and their adsorption decreased most rapidly over the pH 6 to pH 8 range.
Amino acid adsorption on to calcium oxalate as a function of pH
Relative adsorption strengths of aspartic acid, glutamic acid and γ-carboxyglutamic acid
The difference in the adsorption behaviour of aspartic acid and glutamic acid in comparison with γ-carboxyglutamic acid is best illustrated by the pseudo equilibrium constants (Kh) obtained for their adsorption on to CaOx monohydrate and the three CaP minerals (Table 3) . Their typical adsorption trend as a function of pH is illustrated, for CaOx monohydrate, in Figure 1 . Aspartic acid and glutamic acid adsorbed identically, within experimental error, but γ-carboxyglutamic acid behaved differently above pH 6 on CaOx monohydrate and the CaP minerals , γ-carboxyglutamic acid ; =, glutamic acid ; 5, aspartic acid ; #, alanine.
( Figure 1 ). All three adsorbed differently from the monocarboxy amino acids, and alanine has been included in Figure 1 to illustrate this. The data suggest that at least two factors are involved in the adsorption process, even though the three acids are highly ionized at the β-or γ-carboxyl groups in solutions at pH 5 and above (pK a# l 3.71, 4.15 and 3.20 respectively [13] can be applied. It is reasonable to do so in this instance since the adsorption densities are low, and hence adsorbed particle-adsorbed particle interaction is minimal. Maximum surface coverage of aspartic acid, glutamic acid and γ-carboxyglutamic acid on CaOx monohydrate was 4 %, 4 % and 8 % respectively. The pK ads values show the adsorption affinity of aspartic acid, glutamic acid and γ-carboxyglutamic acid for CaOx monohydrate and the CaP minerals to have only a modest pH and substrate dependence. The major factor influencing adsorption is clearly amino acid (and\or substrate) ionization, as indicated by the significant differences in the pK a values obtained for γ-carboxyglutamic acid and for aspartic acid and glutamic acid, and their variation with pH (Table 4) .
DISCUSSION
As with all biominerals occurring throughout nature, kidney stones are intimately associated with macromolecules. These constitute the organic matrix, which is as inevitably and integrally a part of the stone as the mineral itself, meandering throughout the entire structure and occupying far more space than would be expected from its contribution of only 2.5 % to the total mass [14] . The matrix consists principally of proteins [15] , which have engendered particular interest, partly because of the crucial role played by proteins in directing the fabrication and assembly of natural bioceramics, but also because their very presence and abundance suggest that they may fulfil a regulatory function in stone formation. In healthy biomineralization systems the timing of crystal nucleation, growth and organization into mineral assemblies are strictly governed by proteins [16] , whose three-dimensional architecture and chemistry ensure that only crystals of a particular composition are formed, and guarantee that their various faces will grow only in certain directions to produce a structure of a strictly defined shape. Their molecules are characterized by the possession of periodic, negatively charged surfaces, which can align with the crystalline structure of the mineral and initiate crystal nucleation by acting as a template at the inorganic-organic interface [17] . In addition, some proteins can bind to exposed crystal surfaces and, by intercalating in an orderly array along specific planes inside the crystal structure [18] , become included into the crystal lattice, where they create and stabilize discontinuities and alter crystal texture and tensile properties [19] . Such a phenomenon apparently also occurs during crystal formation in human urine, since evidence from our own laboratory [20] [21] [22] indicates that specific urinary proteins associated with CaOx crystals precipitated from urine are incarcerated within the crystalline architecture itself.
However, unlike the formation of healthy biominerals, stone formation is an uncontrolled, pathological process, which possibly reflects the fact that urinary proteins are known to exhibit multiple and paradoxical effects, including promotion of crystal nucleation, growth and aggregation, as well as incomplete inhibition of those processes [9] . It is hardly surprising, therefore, that relatively little is currently known about the true nature of the association between stone proteins and their mineral companions, or their functional role, if any, in urolithiasis [23] . One factor that has contributed to this lack of understanding is a general paucity of knowledge regarding the basis of the relationship between the molecular structures of urinary proteins and their binding affinities for the surfaces of stone minerals, especially CaOx and CaP. Nonetheless, it is likely that interactions between urinary proteins and calcium stone minerals are governed by conditions similar to those which operate during healthy biomineralization, where strict regulatory control by proteins is dictated by their three-dimensional structure and chemistry. These are determined by a variety of factors, including for instance, ambient conditions, disulphide bridging and post-transitional modifications such as glycosylation and phosphorylation, but especially the type and sequence of the amino acids comprising the primary backbone of the molecule.
Of the amino acids used in this study, aspartic acid, glutamic acid and γ-carboxyglutamic acid bound most strongly to all of the calcium minerals tested, especially at low pH values. These three amino acids have in common at least two carboxyl groups, and in certain proteins display a high affinity for calcium [24] . The strong correlation of adsorption with the number of carboxyl groups suggests that multiple binding (chelation) of the amino acid to the CaOx monohydrate surface is a major factor, and that entropy plays a significant role in the adsorption process. This concurs with what has been observed for citric acid, which has three carboxyl groups and is a natural component of healthy urine. It has long been known that citrate binds efficiently to CaOx crystals and inhibits deposition of further lattice ions [25] ; consequently, it is now widely used as a therapeutic agent for preventing stone recurrences.
The other major factor contributing to adsorption strength is pH, as adsorption mostly decreased markedly as pH was increased. For the monocarboxy amino acids, adsorption generally decreased most rapidly between pH 6 and 8, suggesting that the zwitterion was the adsorbing species (pI " 6 for these acids). This decrease in adsorption as pH increases above the isoelectic point is also observed for the dicarboxy amino acids (aspartic acid pI l 2.77, glutamic acid pI l 3.22 [13] ) and the tricarboxy amino acid (γ-carboxyglutamic acid, whose pI would be expected to be less than that of aspartic acid and glutamic acid), reinforcing the zwitterion hypothesis. This is intriguing, as CaOx monohydrate is considered to be positively charged owing to Ca# + adsorption, under the conditions used in this study [26] , and adsorption decreases as the charge on the adsorbing species become more negative (with increasing pH).
Aspartic acid and glutamic acid adsorption was significantly affected by pH and fitted to pK a " 3.7 in the pH range 6-8, suggesting that protonation of the β-or γ-carboxyl group (pK $ l 3.71 for aspartic acid and 4.15 for glutamic acid [13] ) increased adsorption. Below pH 6, the adsorption fitted to pK a " 2.7, suggesting that protonation of the α-carboxyl group (pK " l 1.95 for aspartic acid and 2.16 for glutamic acid [13] ) also contributed to increased adsorption. Not unexpectedly, the observed pK a values lie between those of the α-and β-or γ-carboxyl groups, since both will be increasingly protonated in going from pH 6 to 5. In contrast, the adsorption of γ-carboxyglutamic acid at pH 6-8 fitted to pK a " 6.4, indicating that virtually no change occurred in its protonation (relevant to adsorption) over this range. Below pH 6, adsorption increased markedly and protonation did occur, presumably at one of the two γ-carboxyl groups as pK a " 3.4 (pK $,% l 4.75, 3.2 [13] ). Thus the results indicate that the carboxyl groups are not fully ionized over the entire pH 5-8 range, and that the adsorbing species is significantly protonated. This is in agreement with Nosza! l and Sa! ndor [27] who showed that at pH 7.2 both carboxyl groups of aspartic acid were deprotonated and that, when the pH was decreased to the isoelectric point, protonation of the β-carboxyl was not exclusive, with up to 5 % of the protonation occurring at the α-carboxyl group. Furthermore, protonation was found to alter the distribution of the aspartic acid rotation isomers (rotamers), and the gauche-βCOO − \αCOO − : gauche-βCOO − \αNH $ + (g2) rotamer populations increased as pH decreased. This rotamer has all three functional groups positioned for adsorption to a surface without further rotation (Figure 2) . Theoretical studies of the aspartic acid zwitterion support this view and show that the gauche-βCOOH\ αCOO − :gauche-βCOOH\αNH $ + (g2) rotamer is the second most abundant species [28] . The most abundant species, trans-βCOO − \αCOOH :gauche-βCOO − \ αNH $ + (g1), would need to rotate about the CH-CH # bond to bring all three functional groups into contact with a surface. The different rates of change of adsorption observed for aspartic acid and glutamic acid at pH 5-6 and pH 6-8 could thus be due to relative changes in the protonation of the α-and β-carboxyl groups and consequent rotamer distributions.
The greater adsorption observed for γ-carboxyglutamic acid at pH 6-8 can be attributed to two of its three rotameric conformations having the required gauche-gauche arrangement, as opposed to one of three for aspartic acid. The almost negligible change in adsorption at pH 6-8 is, therefore, likely to be due to the greater capacity of the two γ-carboxyl groups to accept protons, and protonation effects on the rotamer distribution do not become apparent until pH 6. This is conceivable as the gauche-βCOOH\αCOO − :gauche-βCOOH\αNH $ + rotamer is stabilized by βCOOH\ αNH $ + hydrogen bonding [28] . The data are thus consistent with the adsorbing species being a protonated gauche-βCOO − \αCOO − :gauche-βCOO − \αNH $ + (g2) rotamer, with protonation most probably occurring at the β-carboxyl. The initial interaction could thus be an approach of the zero-charged amino acid to the positively charged CaOx monohydrate surface. Subsequently, this could lead to the more exposed αCOO − binding to Ca# + , followed by the loss of a proton from the βCOOH and its binding to another Ca# + , and possibly a further loss of a proton from the αNH $ + group to allow it to bind. This tridentate binding is similar to the hexadentate binding of EDTA to calcium ions, and would account for the greater adsorption of the di-and tri-carboxy amino acids, since the monoacids would bind as bidentates at best.
The difference in affinity of the four calcium minerals for amino acids may be a result of differences in surface charge, ion adsorption or coordination-site availability at the crystal surfaces. The pK ads (5.8) obtained for
OH suggests that these two phosphates behave similarly and with little change as a function of pH. The hydrogen phosphate (CaHPO % ;2H # O, pK ads 5.4) is a slightly stronger adsorbent for amino acids and the oxalate (CaOx monohydrate, pK ads 4.8-5.3) is the strongest adsorbent. This sequence may be a reflection of the acid\base properties of the anions, and consequent surface charge and cation adsorption. The differences in pK a values for aspartic acid, glutamic acid and γ-carboxyglutamic acid on CaOx monohydrate at pH 5-6 compared with pH 6-8 are just sufficient to suggest that surface changes may have occurred, e.g. displacement of calcium ions by protons.
A particularly noteworthy finding of the present study is that, of the naturally occurring amino acids, only those possessing two or more carboxyl groups bind with significant avidity to calcium minerals found in stones, and therefore have the potential to inhibit CaOx crystallization directly. However, although there have been innumerable reports attesting to the inhibitory effects of a large range of natural and synthetic agents, only a few have addressed the effects of free amino acids. Kohri et al. [4] , using a mixed suspension, mixedproduct-removal crystallization system, showed that glutamic acid and aspartic acid inhibited CaOx nucleation, growth and suspension density in an inorganic medium, but it is doubtful whether this is of any physiological significance because concentrations of both these amino acids in the urine of stone-formers and healthy controls are indistinguishable [1, 3] . This lack of difference has also been observed for γ-carboxyglutamic acid. Collette et al. [29] measured both free and proteinbound γ-carboxyglutamic acid in urine samples from stone-formers and healthy controls and could detect no significant differences between the two groups. These data indicate that free amino acids are unlikely to fulfil prominent inhibitory roles in urine and therefore to contribute directly to stone pathophysiology. Furthermore, the continuing emergence of evidence [9, 23] which reinforces the view that proteins are largely responsible for the inhibitory effects of urine on CaOx crystal aggregation, strongly suggests that any functions which aspartic acid, glutamic acid or γ-carboxyglutamic acid may have in stone formation or prevention are more likely to be related to their contribution to the inhibitory properties of proteins which contain them, rather than to those of the amino acids themselves.
The chelation, amino acid protonation and stereochemical factors of aspartic acid, glutamic acid and γ-carboxyglutamic acid, identified in the present study, must be significant in the adsorption behaviour of urinary proteins on the same mineral surfaces. For example, the principal protein associated with CaOx crystals precipitated from human urine is UPTF1 [6] , an acidic peptide of prothrombin whose N-terminal region contains 10 γ-carboxyglutamic acid residues, and which almost certainly determines the extraordinary affinity of UPTF1 for CaOx crystals. Osteopontin, another urinary protein known to be present in CaOx crystals and stones, and which, like UPTF1, possesses properties consistent with a role in stone formation, is rich in aspartic acid residues [30] . In contrast, Tamm-Horsfall glycoprotein (THG) strongly inhibits CaOx crystal aggregation in urine [31] , but does not bind irreversibly to CaOx, and in consequence, is not present in alkali-washed urinary CaOx crystals [20] . An important difference between these proteins, which may explain their relative affinities for the various crystal types, is the presence of acidic amino acid groups in UPTF1 and osteopontin, but their absence from THG. By removing the γ-carboxyglutamic acid residues from osteocalcin and urinary γ-carboxyglutamic acid protein by thermal decarboxylation, van de Loo et al. [32] showed that the inhibitory activity of these proteins on CaP and CaOx precipitation was lost.
There is now compelling evidence that UPTF1, osteopontin and THG can inhibit the formation, growth and\or aggregation of CaOx crystals [9, 23] , which would facilitate harmless expulsion of CaOx crystals in the urine. Nonetheless, stone formation could also be caused by direct attachment of urinary crystals to the renal epithelium [33] , a process which must be affected by their binding properties, which will in turn be influenced by proteins bound to them [34] . Once attached, crystals have two possible fates : they can restrict urine flow and encourage the retention of other crystals, or they can be internalized by cells and destroyed. Proteins, therefore, have two potentially conflicting roles in mediating cell attachment, since they could act as inhibitors by covering the crystal and interfering with electrical attractive forces, or encourage cell adherence by functioning as a form of opsonin [35] ; they may do both. However, in either case, their properties will be largely determined by the sequence and type of amino acids comprising their primary structure.
Although most human kidney stones consist principally of CaOx, most also contain one or more CaP salts as minor components [11, 12] . This has led to the proposal that the formation of CaP salts in the nephron induces the subsequent nucleation of CaOx [36] . However, the predominance of CaOx over CaP in concentric mineralorganic matrix growth patterns observed in the outer regions of many CaOx renal stones [37] , could also be explained by the stronger affinity of urinary proteins possessing end-groups abundant in acidic amino acids for CaOx than for CaP. As suggested by Addadi and Weiner [38] , immobilized proteins can act as excellent nucleation sites for calcium salts by exposing an array of carboxylate groups locked in an ordered, rigid conformation. If surface proteins are capable of causing the nucleation of insoluble calcium salts in urine, the preferential binding of acidic amino acids to CaOx would favour precipitation of CaOx, rather than CaP, and perhaps explain the preponderance of CaOx in human kidney stones. Once deposition of CaOx has occurred around a nucleating point, or nidus, during the initial stage of stone formation, specific proteins could be laid down to form a layer of matrix on the surface of the newly formed crystals. Thus during periods of high CaOx supersaturation, a new layer of CaOx crystals could then form on the matrix band, thereby increasing the likelihood of further deposition of proteins with an affinity for CaOx. It is noteworthy that the concentration of the organic matrix of CaOx stones, which is abundant in aspartic acid, glutamic acid and\or γ-carboxyglutamic acid [39] , increases towards the outer periphery [40] , probably reflecting increasing deposition of selected normal urinary proteins as described above, or others released from the urothelium in response to irritation caused by the stone as it enlarges.
In summary, this study represents the first systematic examination of the adsorption affinity of amino acids on to calcium stone minerals, and provides direct, comparative data to explain the common occurrence of acidic proteins in association with calcium stone minerals. The strong binding affinity of di-and tri-carboxylic acids for calcium stone minerals, particularly CaOx, would indicate that proteins rich in these amino acids are more likely to play a functional role in stone pathogenesis than those possessing only few such residues. The binding affinity of these acids is thought to be due to the ability of their zwitterions to adopt favourable conformations in which two carboxyl groups and the amine group can interact with the mineral surface, without further rotation. These results have ramifications for research aimed at discovering the true role of proteins in stone formation and potential application in the design of synthetic peptides for use in stone therapy.
